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fests were run on a single^cylinder and a multicyl*- 
fvnder four-stroke engine in order to determine the effect 
of the dynamics of the inlet system upon indicated mean 
effective pressure, 

!l?ests on the single-cylinder engine were made at 
various speeds, inlet valve timings, and inlet pipe 
lengths. These tests indicated that the indicated mean 
effective pressure could "be raised cons idera'bly at any 
one speed by the use of a suitably long inlet pipe. 
Tests at other speeds with this length of pipe showed 
higher indicated moan effective pressure than with a very 
short pipe, although not so hi^h as could he obtained 
v;ith the pipe length adjusted for each speed, A general 
relation was discovered between optimum time of inlet 
valve closing and pipe length: namely, that longer pipes 
require later inlet valve closing in order to be fully 
effective. 

Tests were also made on three cylinders connected to 
a single pipe. With this arrangement, increased volumet- 
ric efficiency at low spe^d was obtainable by using a 
long pipe, but only with a sacrifice of volumetric effi- 
ciency at high speed, Yolumetric efficiency at high 
speed was progressively lower as the pipe length wa$ in^ 
oreased. 



It has long been recognized that the volumetric ef- 
ficiency and hence the moan of festive |>ressure of an in- 
ternal combustion engine is affected by the dynamics of 
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the inlet system^ (See references 1 to 19,) The present 
work vas undertaken in order to make a nore -systematic 
and extensive investigation than had Tseen made Isefore, 
and to attempt to devise a mathematical analysis v/hich 
would lead to a better underst^ding of the ohserved phe- 
nomena, 

The work was done under the auspices of the National 
Advisory Committee for Aeronautics, The experimental 
work was done in the Sloan Automotive iaTjoratory at the 
Massachusetts Institute of Technology under the supervi- 
sion of Professor B» S, Taylor^ A theoretical analysis of 
this prohles may 1)© found in* Item 4 of the Bihl^ography* 



APPAEAftJS AID mm03 
Single-Oylia^er Engine 



The first part of the experimental work was done on 
an KAGA universal test engine (hore 5 In,, stroke 7 in,) 
©quipped for variable valve timing (reference 20). . Var- 
iables were controlled as follov/g; 

Juel ,..,..•«,«.., 87-^octane aviation gasoline 
Compression ratio (all runs) 5, 0 

Cooling water temperature (all runs) . , . 176^ to 185^ ? 
2Hiel-«air ratio (each run), ...... ♦set for "best power 

Spark timing (each speed) .set for best power 

Speed variable, 1000 to 1600 rpm 

Xnlet pipe length, variable, by increments 9 to 247 inches 
Inlet pipe diameter , , ♦ • . . • * • 2,56 or 1,88 inches 
Inlet valve lift ..',•,*«,,,.» ^ *• , 0,313 inch 
Sxhaust valve lift , , . . ♦ 0,375 inch 

Bxhaust opening (25^ B,B.C,) 155^ 
Hxhaust closing (25*^ A*T,G,) , , . ♦ , . , , 35° 

(Crank angles are measured from top dead center un-^ 
l^ss otherwise indicated,) 

In order that the air flow should not be disturbed 
by the restriction of a carburetor venturi , fuel wae in* 
Jected directly into the cylinder for all tests. 

Photographs of the general setup are given in figure 
1 , and a diagrammatic sketch in figure 2» (iphirther ex*^ • 
peyimental details will be found in reference 18. ) 
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One series of runs v/as made with a constant "standard 
inlet valve timing as follows; 

"inlet opening (25° 3.T.C.) . . . , 335° 

Inlet closing (25° A.B.O,) , , 205° 

A further series v/as made at constant speed (1600 
rpm) and varialDle inlet timing as follov/sS 

Inlet opening (45° to 15° B.T.O,) , . . . . 315° to 345° 
Inlet closing (l5° to 45° A. B.C.) 195° to 225° 



Measurements of torq^ue ^^^ere made for each run, Fric- 
tion Was estimated "by the usual method, "motoring" at 
several speeds, from the torque resulting from the addi- 
tion of the measured toro^ue to the motoring torq_ue for 
the same speed, the indicated mean effective pressure 
(imep) Was computed and plotted in figures 3 to 5. 

In addition to the foregoing measurements, records 
were taken of the pressure at the valve end of the inlet 
pipe for all tests. In later tests where the valve timing 
V7as varied, records also were taken of pressure in the 
cylinder, These measurements were made "by means of the 
M.I.T* indicator (reference 21), Sample diagrams are re- 
produced in figure 6. 

Tigure 7 shows a comparison of two ciirves of indicated 
mean effective pressure against pipe length, from two sets 
of data taken at an interval of ahout five months. Dif- 
ferent cylinder heads of the same design were used. The 
data for the curve marked "Head 1" was taken in one con- 
tinuous run; while each observation for the curve marked 
"Head 2" was taken on a different day» 

Single-i^Cylinder Ingine 

Yolumetrio ef f i ci oncy .-^ YoXumetric efficiency may l>e 
defined "by the expression 

V =; f E (1) 



where 
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W mass of air taken in per unit time 

f numTjer of suction strokes per unit time 

?^ piston displacement of one cylinder 

average inlet air density 

B volumetric efficiency 

Volumetric efficiency could "be computed from a meas-^ 
urement of air quantity in addition to the ordinary meas*- 
urements of speed, inlet pres'sure, and temperature; "but 
in this work it was desira"ble to avoid the measurement of 
air, Tjecause the presence of meters or orifices would dis- 
turb the dynamics of the inlet system. On account of this 
difficulty, and since only relative values were req.uired, 
it was decided to estimate the quantity of air from the 

n-ower measurement, Ihe indicated horsepower g 7X?,S^) ^^„) 

550 X 60 X 60 

where W is the mass of air consumed per hour, H is the 
heating value of unit mass of air, and r\ is the« indicated 
thermal efficiency hased on air; H and r\ are siihstan- 
tially constant since spark and fuel rate were adjusted for 
"best pov/er, Under these conditions H is proportional to 
indicated horsepower, from this relation it follows that 
volumetric efficiency is proportional to indicated mean 
pressure. 

If feet of pipe length y Varying the length of the in** 

let pipe at constant speed results in curves of indicated 
mean effective pressure against -pipe length, as shown in 
figures 3, 4, and 5'« Essential characteristics of these 
curves are? 

1, A gradually rising mean effective pressure as pipe 
length is increased from as short as possihle 
to a length which gives a freqtuency ratio* of. 
slightly more than 5 

♦The "freq.uency ratio" here introduced is defined as 
the ratio of inlet pipe frequency to valve frequency (in«*- 
let pipe frequency hoing the fundamental frequency of the 
air column in the inlet pipe when the valve is closed and 
valve frequency "being half the engine crankshaft frequ^n*- 
oy)* !fhus this frequency ratio is inversely proportional 
to the product of intake pipe length and engine speed. 
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2* At least three distinct peaks, at treqxLency ratios 
of slightly more than 5,. 4, 3 

3, A decrease in mean effective pressure for lengths 
longer than that giving a freq.uency ratio of 3 

figure 8 is a set of records of pressure in the pipe 
(near the inlet valve) and in the cylinder, at 1600 rpm. 
Pipe length is the single independent varia'ole» 

Essential characteristics of the pressure in the 

pipe are: 

1, Oradually increasing amplitude of the pressure 

v/aves as pipe length is increased 

2, Occurrence of a pressure peak near the time of 

inlet closing, arriving later as the length 
of pipe is increased 

•She cylinder pressure records of figure 8 show an 
interesting pressure minimum during the suction stroke, 
which moves to the right (i,e,, comes later in the stroke) 
as pipe length is increased, until the numher of pressure 
waves per engine cycle changes, I'Vlien this occurs, the 
point of minimum pressure returns to approxima.t ely its 
original crank angle and again starts moving to the right 
as the pipe length is increased. 

figure 9 is a set of pressure records taken from the 
iniet pipe at 12S0 rpm. 

Sf fec^ of speed/*- Figures 10 and 11 show the pressure 
in the pipe for various engine speeds. Similarity oetween 
these records and those of figures 8 and 9 is evident. 
When speed and pipe length are varied together so as to 
give a constant frequency ratio, the result is a set of 
very similar curves with amplitude increasing approximately 
in proportion to the speed. Figure 13 is such a set of 
curves. This suggests a plot of indicated mean effective 
pressure against frequency ratio for various values of 
speed as shown in figure 13. ^Phe first peak of indicated 
mean effective pressure, which occurs at a. frequency ratio 
of approximately 3, decreases notahiy as speed increases; 
while the peak at 5 shows a much smaller variation, not 
consistently In eij-ther iirectiont 

Bf f ect of valv^, timin,o: , ^ The effect of the time of 
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inlet-closing on indicated mean effective pressure is il- 
lustrated in figures 4 and 5 which show indicated mean ef* 
feotive pressure against pipe length for various valve 
timings. It will be noted that late inlet^closing im-^ 
proves the performance with long pipe lengths; while 
early closing is "better for shorter pipe lengths, !I?his 
is th^ result of later arrival of the pressure wrave after 
"bottom center which ^■/as noted in figure 8, I'igure 14 is 
a series of records taken vfith inlet closing for "best 
power in each case* Hote that the closing of the inlet 
valve is slightly ahead of 'the pressure peak in all cases 
except with the shortest three pipes where the pressure 
peak is very close to hottom 'center. This is due to the 
effect of piston motion* If a series of compression 
curves is plotted, starting 1^rith various inlet pressures 
at "bottom center and these curves are superimposed upon 
the pressure wave in the pipe, a point of tangency is ol?-^ 
tained "between one of the compression curves and the pres** 
sure in the inlet pipe, Provided the inertia of the air 
in the valve is negligihle, this will "be the point at 
which the valve must "be closed in order to entrap a maxi- 
mum quantity of air. Such compression curves have iDeen 
drawn in figure 14» !4?he actual valve closing is somewhat 
later than the points of tangency "because the vafve re«* 
quires a finite time to closo and is effectively closed 
somewhat earlier* The difference "oetween actual closing 
and effective closing appears to "bo a"bout 10° at 1600 rpm, 
3?his quantity would he expected to increase v;ith speed, 
A direct oomparison of the pressures in the cylinder and 
the pipe for different valve timings appears in figure 15* 
2?he curves marked "A** (fig* 15) indicate that a difference 
in timing may alter considera^bly the pressure in the pipe* 
In this case reverse flow induced "by the piston motion 
apparently reinforces the pressure waves* 

liffeot of inlet pipe diameter ?igure 16 is a plot 
of indicated mean effective pressure against inlet pipe 
length for a pipe approximately half the area of the pipe 
u^ed in the other tests. The suppression of the peaks of 
the curve is nfttahle in the case of the small diameter 
pipe* 

figure 17 shows the pressure waves in the small di- 
ameter pipe, for various lengths. On comparing these 
with figure 8, it is noted that the amplitude is greater 
in the case of the small pipe and that the pressure wave 
arrives later after bottom centeri which indicates that 
a later timing might he ex|)e^te^ to give higher indioated 
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mean effective pressure v/ith the small pipe* figure 18 is 
a direct comparison of the pressure in the pipe and the 
cylinder for a small and a large pipe of the same lengthy 
fhe points noted here are evident in this figure, 

HultioyXinder Sngine 

Additional experimental work was carried out to de^ 

termine the effect of having several cylinders connected 
to the same inlet pipe, 5he engine used for these tests 
Was a six<»cylinder Chrysler automo"bile engine, Bngiae 
data foil owe I 

Serial JTo^ ,« t ^ • 3-131332 

sore mcnes 
Stroke 4^4 inches 

Bisplaoement (total) .••«•,.•• 320 cuhie inches 
Valve timing: 

Bxhaust Op ens ♦ ,••.••*•«*,••« 40*^B.B.C, 
Exhaust closes ^ . 4° k^T^C* 

Inlet opens • 7^ B.T^O, 

Inlet closes 0«*^*.f».m***9»f» A«B,G, 

JDhe cylinders of this engine were manifolded together in 
two groups of three within the cylinder-lDl ock casting as 
sho\fn in figure 19. One group of three cylinders was 
separated from the other and ^^ras provided with separate 
inlet and exhaust connections r This group was used merely 
as an air pump, the remaining group of three cylinders 
"being used to supply power to operate the air pump (fig# 
30), 3Jhus the three cylinders under investigation v/ere 
motored tirithout firing* ^They were arranged so that var*- 
ious lengths of inlet pipe could "be attached to the inlet 
opening common to the three cylinders* !?he air exhausted 
hy the three cylinders was led to a receiver, and the flew 
(volume per unit time) v/as measured oy an ITAOA Roots type 
supercharger* Ihis flow^ corrected for temperature, v/as 
used to calculate the volumetric efficiency* (Correction 
for pressure was found unnecessary.) This method of test 
was justified hy Mueller (reference 14), who showed that 
the curve of volumetric efficiency against pipe length, 
obtained hy this method on a single^cylinder engine, v/as 
similar to the curve of indicated mean effective pressure 
agaia«t pi|^6 :tenft^ vhm the mg%n^ firing* ih0 
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comparison of these curves taken from reference 14 is re* 
-produced in figure 31. Indicator diagram,s were made of 
tUe pressure in one of the three motoring cylinders, and 
in the inlet pipe, as near as possible to the engine. 



EESULTS 
Kultioyliader Engine 



Curves of. volumetric efficiency against speed for 
various pipe lengths, and of volumetric efficiency against 
pipe length* for various speeds are reproduced in figures 
33 and 23, It is instructive to note that, while volumet- 
ric efficiency at low speed may improved hy the use of 
a long pipe, the • improvement is at the expense of volumet- 
ric efficiency at high speed, T o lu me t r i c e f f i c i en c y m% 
high speed v/as not improved "by additional inlet pipe 



A study of the pipe pressure diagrams (fig* 34) re- 
T0aX&, the interesting fact that all ghow the ^■a.me* tT§^ 
amf-ncy , the fre<|U0ncy ^if.the ^^ction strokes, 

J'igure 35 showing pressures in a 72Tinch pipe for 
various speeds indicates phase shift as expected from 
theoretical considerations, I'he last diagram of this fig- 
ure shows the higher modes of vihration of the air column 
in the pipe heing excited, as wot^Xd t)e expected* 

' ' , 0oirci.t;stois 

On the hasis of the foregoing a?cperimental investi- 
gation-, the following conclusions may "be drstwn: 

1, Jhe pressure waves in the inlet pipe wte of suf-* 
ficient amplitude to affect the changing prccess (a»d 
hence the mep) considerahly . 

2, For a single-cylinder engine running at a given 
speed, there are three distinct optimum lengths of inlet 
pipe, with which the mean effective pra^s-s^re is of the 

♦"Pipe length" for the multicylinder engine is meas*- 
ured from the flange on the cylinder "block, - 
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order of 15 to 20 percent higher than it is when no inlet 
pipe is used. These optimum -pipe lengths are slightly 
less than 30 c/Uq^ where c is the velocity of sound in 
feet per second, IT is the engine speed in revoliitlxins 
per mijxute, and ^ ie 3, 4» or 5. 

3. Jor a single-Ci^Xlnder engine, a fixed pipe length 
slightly less than 6 c/'B^ (where Kj^ is the highest 

operating sj)eed) gives a higher mean effective pressure 
than no inlet pipe, for a^l operating speeds, although 
not as high as can "be Obtained witii pipe length adjust-^d 
for each speed* 

4. Jor a given engine speed and inlet pipe length, 
full advantage of the pressure vmves in the pipe can he 
©"btained only "by suitable inlet valve timing^ es:pecially 
"by proper choice of the time of inlet closing* longer 
pipes req.uiring later closing* 

5. V^aen three cylinders are connected to a single 
pipe, the "best volumetric efficiency at high speed is oh- 
tained with the minimum length of pipe* 



Massachusetts Institute of Technology^ 
Camhridgei Mass, , January 1938^. 
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Fig'oxe 1. Experimental setup. 
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PRESSURE IN INLET PIPE FOR VARIOUS SPEEDS AT CONSTANT FREQUENCY RATIO 

Figure i.2 
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Figrure 19. 

DETAIL OF INLET PASSAGE CORE 
MODIFIED TO SHOW SHAPE OF PASSAGE AFTER MACHINING 
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Figtire 20. 
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